A physical map of the 31-megabase Aspergillus nidulans genome is reported, in which 94% of 5,134 cosmids are assigned to 49 contiguous segments. The physical map is the result of a two-way ordering process, in which clones and probes were ordered simultaneously on a binary DNA͞DNA hybridization matrix. Compression by elimination of redundant clones resulted in a minimal map, which is a chromosome walk. Repetitive DNA is nonrandomly dispersed in the A. nidulans genome, reminiscent of heterochromatic banding patterns of higher eukaryotes. We hypothesize gene clusters may arise by horizontal transfer and spread by transposition to explain the nonrandom pattern of repeats along chromosomes.
The ascomycetous fungus Aspergillus nidulans is one of the simplest multicellular eukaryotes. Its estimated 31-megabase genome (1) with low repetitive DNA content (2) , distributed among eight chromosomes, is sufficiently complex to direct multicellular development (3, 4) . With its sophisticated forward and reverse genetics (5, 6) , A. nidulans has been used to address fundamental questions in cell and molecular biology (7) (8) (9) (10) and has become a model system for the study of pathogenic and biotechnologically useful relatives (11, 12) . One of the major questions in genomics is the organization of repeated DNA sequences in a genome because this organization has implications for functional organization of genomes, development, chromosome structure and function, recombination, and genome evolution. Small eukaryotic genomes provide excellent models for the development of novel mapping technologies for larger genomes. For example, the A. nidulans genome is entirely covered (tiled) by 775 nonoverlapping cosmids (averaging Ϸ40-kb inserts) and the human genome, with 3,000 yeast artificial chromosomes [averaging Ϸ1,001-kb inserts, (13) ]. Here we present a physical mapping strategy that produces a portrait of how repeated DNA sequences are distributed in small eukaryotic genomes.
MATERIALS AND METHODS
Libraries. Two independent libraries were constructed in the Lambda-based cosmid vector pLORIST2 and the pBRbased cosmid vector pWE15 (1) .
Physical Mapping Strategy. For the physical mapping experiment, pulsed field gel electrophoresis isolated chromosomes were radiolabeled and used, one by one, to probe the two genomic libraries (5,134 clones stamped onto seven highdensity gridded 5 ϫ 3.5-inch nylon membranes containing 864 clones each) to show the chromosomal affiliations of each clone (1) . With this information, clones were sorted into subsets (S for specific to one chromosome, R for repeated hybridization to several, but not all, chromosomes, and O for octochromosomal). Octochromosomal (O) clones hybridized to all eight A. nidulans chromosomes. The numbers of S, R, and O clones in the genomic library were 3,307 (64.4%), 1,769 (34.4%), and 58 (1.1%), respectively. Then, only S clones were radiolabeled and used to probe the genomic library of 5,134 clones (on seven identical membranes) (14) . Eight S clones, one from each chromosome, were used as probes simultaneously because chromosome specificity for each target clone was already known. Only S clones not hybridizing to previously used probes were selected as probes so that S clones were nonoverlapping (15, 16) . This random mechanism of probe selection is referred to as sampling without replacement (15, 16) .
Availability of Physical Mapping Data. The entire four-step process of creating and compressing physical maps described in Fig. 1 has been automated in the computer, and physical mapping data are available to the public in the Fungal Genome Database (FGDB). Files containing the complete information used in this study may be retrieved by anonymous ftp from fungus.genetics.uga.edu or the FGDB web site (http:͞͞ fungus.genetics.uga.edu:5080). Alternatively, data may be requested by mail or e-mail to arnold@bscr.uga.edu.
Testing the Nonrandomness of Repeats Along Chromosomes. The null hypothesis is that S, R, and O clones are randomly distributed along the minimal maps. The alternative hypothesis is that the pattern of S, R, and O clones along a compressed map is nonrandom with the status of the next clone (S, R, or O) dependent only on the status of the current clone in walking along a chromosome. More precisely, the alternative hypothesis is that the pattern of S, R, and O clones in a compressed map is the realization of a stationary firstorder Markov chain (19) , in which the probability of the next clone being S, R, or O in a walk from left to right along the physical map depends only on whether or not the current clone in the walk is S, R, or O. The probabilities (Pij) that the current clone of type i (ϭ S, R, or O) is proceeded by the next clone of type j (ϭ S, R, or O) is called the transition matrix and describes the Markov chain (19) . Under the alternative hypothesis we assume that all chromosomes represent independent realizations of the same Markov chain (i.e., have the same transition matrix) with the exception of chromosome V. A priori chromosome V is unusual in several respects-it has a small number of contigs (i.e., two) and contains the major rDNA cluster and thus is known to have a nonrandom distribution of repeats. A chi-squared test of the null hypothesis against the alternative hypothesis of a stationary Markov chain was performed as well as a homogeneity chi-squared test of the Markov chain across all chromosomes except chromosome V (19) .
RESULTS
The primary clone collection (1) used to reconstruct the A. nidulans genome contained 5,134 clones (N) with an average insert size of 40 kb (L). The estimated genome size is 31 megabases (G), based on pulse field gel electrophoresis (see Table 1 ), suggesting that the library would contain approximately a total of 6.6 (ϭ a) copies of the genome (a ϭ LN͞G), whereas 775 clones would represent one copy of the genome (N͞a).
The in vitro reconstruction of a chromosome, by permuting clones and probes in a binary clone͞probe hybridization matrix, is described in Fig. 1 . The rationale of nonoverlapping probes (tiles) ordered by overlapping clones on transposed matrices is shown in Fig. 1 B and C. The two-way ordered clone͞probe hybridization matrix describes the redundant clone order down the rows and the minimal probe order across the columns. Because probes were selected from the clone list, probe names appear in the same order in the redundant and minimal display. In the minimal order probes are nonoverlapping and separated by gaps. In the redundant map, nonoverlapping probes appear in the same order but are linked by overlapping clones. Thus, the clone order can be compressed by deleting all redundant information. No unique mapping information is lost in the compression process, and a minimal collection of clones that represents the entire chromosome is determined.
Although it is important to start with a highly redundant library to find overlaps, that does not necessarily mean that the final map should maintain all of the initial information. Compression of a redundant map to a minimal map has several advantages. First, because probes are selected from the chromosome-specific clone list, it is unlikely that R clones that overlap with two flanking probes belong to another chromosome even if they strongly cross-hybridize with another chromosome. Thus, ambiguity in assignment of R and O clones to a chromosome is sidestepped, and only those R and O clones anchored on both sides by S clones are selected to complete the chromosome walk. Second, the major source of mapping errors is related to cross-hybridization that is complicated by the high level of redundancy of the libraries used to determine overlaps. In addition, redundant maps impose severe limita- (17) . Probes are clones selected from the chromosome-specific clone collection (846 probes) and hybridized to filters containing the entire library. In the binary matrix, presence or absence of hybridization of each clone to each probe is indicated by 1 or ''.'', respectively. Clones were ordered by simulated annealing (18) or random cost (14) algorithms, and contigs are represented by blocks of linked clones separated by lines that indicate contig boundaries. To order nonoverlapping probes, the clone͞probe hybridization matrix was transposed and reordered in the computer. For both algorithms the number of differences between successive clones (probes) down the rows (columns) is computed and summed to form the total linking distance D. This total linking distance is minimized by randomly permuting the rows (or columns) and has been shown to produce the right ordering of clones for a large number of probes (17) . This two-way ordering process establishes complementary minimal and redundant orders of probe and clone collections, respectively. Compression of physical maps by elimination of redundant clones results in a minimal map that retains all of the probes and one overlapping clone linking a pair of probes. A schematic of the ordering concept of nonoverlapping probes by overlapping clones is shown in B and the binary information that orders probes in C.
tions on data processing capacity and storage. As a result, redundant maps are not as user friendly and are not as easily integrated with other mapping data (e.g., expressed sequence tags and genetic maps). Third, the compressed map is the appropriate context to estimate physical distances. Probes are nonoverlapping tiles (i.e., probes) laid down along the chromosome, and coverage of the chromosome by tiles progresses depending in part on the insert size (average of 40 kb). The gap size between two probes can be estimated based on the number of clones that hybridize to each pair of neighboring probes simultaneously along the physical map. In the present map, the gaps averaged Ϸ10 kb. Thus, each probe was associated with Ϸ50 kb of unique DNA sequence information, on average. Finally, compression of a redundant clone collection to a minimal map is a powerful molecular tool for isolating genes by various methods, such as complementation, walking, screening, or negative genetic selection (20) because the success rate is increased by at least 3-fold.
To demonstrate this increase in efficiency in isolating genes with the physical map, the Metzenberg and Kang (21) pooling scheme for finding a complementing clone among the 54 96-well plates holding the A. nidulans library might be used. Their procedure begins with pooling the DNA from 96 clones on each of the 54 microtiter plates for complementation, and then eight additional pools within a positive plate can be created to find a particular clone complementing a gene by transformation. If the minimum tilings of 1,438 clones were used, only 15 plates would be made followed by the eight additional pools within a positive plate to find a complementing clone. This strategy decreases the required pool size from 62 pools in a full library to 23 pools in a library containing the minimal map.
This physical mapping strategy is a major breakthrough for several reasons, both biological and technical. The technology can be applied to many organisms important in industry, agriculture, and medicine (5). The strategy provides: (i) automatically a portrait of how repeated sequences are distributed along each chromosome; (ii) a minimal map, which is a chromosome walk, thereby permitting efficient integration with other genetic data without interference from repeated or extraneous DNA sequences; (iii) a physical scale in kb for the physical map; and (iv) a physical map of each chromosome ordered in parallel at a rate of 16 probings per week by one technician versus two probings per week with each chromosome ordered sequentially one after the other (22) .
The present map represents at least 91% of the A. nidulans genome by comparison of the minimal maps to pulsed field gel electrophoresis estimates of chromosome size ( Table 1 ). The ordered clone͞probe hybridization matrices that describe all eight chromosomes contain 4,941 (94%) of all clones assembled into 49 contigs.
The observed and predicted numbers (15, 16) of anchored contigs (hybridized at least once to a probe) as a function of the number of nonoverlapping probes during the mapping experiment were in agreement with those predicted under sampling without replacement, in which nonoverlapping probes are chosen randomly (Fig. 2) . For comparison predicted contig assembly dynamics were calculated according to Arratia et al. (23) for sampling with replacement and were 6-fold slower. The resolution of the current physical map was 29 kb, and the probe density was determined to be 1.4 (probe ends͞cosmid).
In Fig. 3 the distribution of hybridization signals was shown to assess randomness of probe hybridization. Although some probes hybridized too often and others hybridized too rarely, the distributions of hybridization frequencies revealed that on average each probe hybridized to 20 ϩ͞Ϫ 0.4 clones (Fig. 3) . In addition, this tight distribution strongly indicated that the insert size was uniform throughout the library, suggesting that physical distance estimates (in kilobases) on compressed maps were precise.
If it were assumed that the cosmid library contained a total of 6.6 genome equivalents, then 6.6 clones should have hybridized to each probe on average. Because 61% of the clones contain multiple hybridization signals to other locations along a chromosome because of repeats or false positives, this assumption provided the major explanation for each probe hybridizing to 20 clones on average. Removing those clones with multiple hybridization signals (because of false positives or DNA repeats) from the physical map, each probe hybridized on average to 11 clones, which is closer to the expected 6.6 clones.
A close correlation (r ϭ 0.97) between observed and expected contig size distributions was found (data not shown), and accentuated departures of the observed sizes relative to the predicted sizes would have indicated the presence of gaps (holes of missing DNA information or parts of the chromosome). Direct comparisons with the genetic map, by creating links between both maps through loci whose positions are known on both maps, revealed agreement in 83% of the cases. Over 90% of the genes on the physical map were positioned by functional complementation with the cosmid library used here for physical mapping (1 Loci that appeared out of order in their physical and genetic locations were: hxA, apsB, palF, tubA, qutCHDBGEAR, abaA, fwA, ivoB, and facB. Even though many of the problems associated with the occurrence of repeated DNA sequences were solved, the current strategy did not address the inconsistencies created by the occurrence of repeats within individual chromosomes (as indicated by three or more probes hybridizating to an individual clone) and hence the correct placement of some clones containing genes. In addition, the genetic map varied in its reliability.
The distribution of repeated DNA sequences along the reconstructed chromosomes are shown in Fig. 4 and was obtained by determining the relative distribution of S, R, and O clones along the minimal tiling of each chromosome. Physical distances can be determined with reliability on compressed maps, and a size comparison between estimated physical sizes of chromosomes from pulsed field gel electrophoresis also was made (Fig. 4) . Both estimates differed on average by 8.8% (Table 1) , suggesting we have nearly covered the entire genome. Repeats appeared to be nonrandomly distributed along the chromosome and are present in 35.5% of the clones. Repeats that were common to all eight chromosomes, possibly indicative of redundant functional (e.g., replication origins, spindle attachment, etc.) or structural features, were clustered on average into two clearly defined regions (Fig. 4 and Web address http:͞͞fungus.genetics.uga. edu:5080).
It is clear from Fig. 4 that the R clones are dispersed along the whole chromosome but are nonrandom in their distribution ( 2 ϭ 81.07, df ϭ 29, P Ͻ 0.005; see Materials and Methods); therefore, the alternative hypothesis of a Markov chain describing the occurrence of S, R, and O clones along a chromosome at the 0.005 level is accepted. Although chromosome V is known to have a nonrandomly distributed, tandemly arrayed rDNA cluster, its physical map in Fig. 4 From the transition matrix describing the nonrandom distribution of S, R, and O clones along a chromosome it was more likely to see an S 3 S transition, but when an S 3 R transition took place, it was very likely (0.90) in the next step to switch back to S. The S and R clones were alternating, and this transition matrix could be used as a null hypothesis for physical mapping experiments of other fungi, in which it is a hypothesized that common evolutionary processes generate the repeat organization. There were some regions that were enriched for S clones, and there were other regions that were not as enriched. This nonrandom pattern, that was present throughout the genome, may suggest the presence of heterochromatic domains similar to cytological banding patterns observed in some other eukaryotes. Furthermore, nonrandom dispersal of repeated regions between regions enriched in chromosome-specific DNA sequences may account for the clustering of a significant proportion of A. nidulans genes in secondary metabolism (24, 25) and development (26, 27) .
DISCUSSION
One possible mechanism by which clusters may arise and be maintained is by horizontal transfer (28) . Under the selfish operon model (28) loosely aggregated genes carrying out a common biological function tend to shrink into tightly defined clusters (chromosome-specific DNA sequences) under horizontal transmission, and clustering of genes is predicted to be restricted to nonessential genes, such as those involved in secondary metabolism. When a gene cluster first colonizes a genome by any kind of horizontal transfer, it will need to be inserted into regions that are devoid of essential genes. One example is the spoC1 nonessential developmental gene cluster (27) that is flanked by repeated sequences (29) , and another is the dispensable ST cluster (stc), involved in secondary metabolism (25) , also embedded in a repetitive DNA region on chromosome IV (Fig. 4) . Two testable predictions of the selfish operon hypothesis are that: (i) genes are clustered in regions enriched for chromosome-specific DNA in the white areas of Fig. 4 and (ii) a substantial fraction of these genes show similarities to genes only explainable by horizontal transfer (33) , and there are recent reports strongly suggesting horizontal transfer in fungi as well (30) (31) (32) . The final observation is that repeats that appear on two chromosomes occur twice as often as repeats that are shared between three chromosomes. The distribution of repeats across chromosomes is exponential-like (Fig. 5) . A model of genome evolution also must explain this observation. The dispersion of repeated DNA sequences in the genome is the result of the action of at least two distinct processes: (i) repeats may be created as the result of chromosome rearrangement during DNA replication (inversions, translocations, duplications, etc.) or are introduced through horizontal interactions (e.g., retroviral infections) and (ii) repeats are dispersed throughout the genome as the result of translocations or movement of transposable elements (34) . Characterization of the repeats and the observed distribution of repeats between chromosomes can be used to distinguish these two hypotheses: (i) recombinational origin for the repeat structure from recombination within chromosome rearrangements, or (ii) a selfish gene cluster hypothesis invoking horizontal transfer and transposition. For example, a mosaic structure to a gene or chromosome has been interpreted as evidence for horizontal transfer (35, 36) . We propose that one explanation of the banding pattern is a model in which: (i) gene clusters arise by horizontal transfer of selfish gene clusters, and (ii) repeats are dispersed throughout the genome as the result of movement of transposable elements. The physical mapping strategy described here has provided a cost-effective alternative to genomic sequencing for examining genome organization and evolution. In the future, large-scale genomic sequencing will FIG. 4 . Distribution of repeated DNA sequences in the A. nidulans genome is nonrandom. Physical maps of individual chromosomes are listed across the rows and contigs represented by rectangles that correspond to their estimated sizes (in megabases). Contig rectangles are vertically offset to allow them to be easily distinguished. Arrows indicate the predicted chromosomal size from pulsed field gel electrophoresis. Gaps are indicated by empty spaces between contigs and were evenly distributed because we cannot determine, at this time, the exact position of contigs along the chromosomes. The individual sizes of gaps are unknown. Chromosomal regions containing repeated DNA sequences that are shared by eight or fewer chromosomes are indicated by the color-coded boxes.
